Exposure to extremely low frequency magnetic field (ELFMF) at 400 mT has been shown to induce mutations (Mutat. Res., 349: 109-114, 1996; Int. J. Radiat. Biol., 71: 75-79, 1997; and Biochem. Biophys. Res. Commun., 243: 579 -584, 1998). However, whether ELFMF at low flux densities (under 1 mT) induces mutations is debatable. We investigated the effect of long-term exposure to 5 mT ELFMF at 60 Hz on mutant frequency. Chinese hamster ovary K1 (CHO-K1) cells were exposed or sham-exposed to 5 mT ELFMF for up to 6 weeks with or without X-irradiation (3 Gy), and the mutant frequency of the hypoxanthine-guanine phosphoribosyl transferase (HPRT) gene was analyzed. Long-term exposure to 5 mT ELFMF did not increase mutations, suggesting a threshold for mutation induction greater than 115 mA/m 2 or a magnetic density of 5 mT. However, enhancement of the X-ray-induced mutation rate was observed after treatment with X-irradiation followed by long-term exposure to 5 mT ELFMF. At little as a 1-week exposure to ELFMF after X-irradiation enhanced the mutation rate. We also found that 400 mT exposure enhanced the mutation rate induced by X-irradiation (Mutat. Res., 349: 109-114, 1996). These results suggest that exposure to more than 5 mT ELFMF may promote X-ray-induced mutations.
INTRODUCTION
Extremely low frequency magnetic fields (ELFMF) are produced by various sources including electric power lines, electric transportation systems, and electric appliances with motors. The possible health hazard of exposure to ELFMF has become an issue of considerable public concern 1) . Although many epidemiological studies have been done, a definite correlation between exposure to environmental ELFMF and cancer has not been found [2] [3] [4] .
Some in vitro studies of the genetic toxicity of ELFMF at low flux densities have shown *Corresponding author: Phone; 075-753-4412, Fax; 075-753-4419, E.mail; miyakosh@med.kyoto-u.ac.jp ELFMF exposure can affect chromosome aberrations, sister chromatid exchanges, repair of DNA damage by X-irradiation or chemical agents, and the mitotic index 5, 6) . However, these effects have not been consistently observed.
Recently, our research 7) has shown that exposure to very high-density ELFMF (400 mT) induces 6-thioguanine-resistant (6-TG r ) mutations in the hypoxanthine-guanine phosphoribosyl transferase (HPRT) gene. The mutations increased linearly in relation to the intensity of the induced current in the culture medium. In addition, the mutations preferentially occurred in cells in the DNA synthesis phase 8) . We designed and tested new device for the exposure of cultured cells to 5 mT ELFMF 9) . There are very few in vitro studies on the biological effects of long-term exposure to ELFMF, therefore we investigated the effect of long-term exposure to 5 mT ELFMF for up to 6 weeks with or without X-irradiation on the mutant frequency of the HPRT gene of Chinese hamster ovary K1 (CHO-K1) cells.
MATERIALS AND METHODS

Cells and culture conditions
CHO-K1 cells, obtained from the Japanese Cancer Research Resources Bank, Tokyo, were used in this study. The cells were maintained in Ham F-12 medium (Nikken, Osaka, Japan) supplemented with 10% fetal bovine serum (Hyclone, Logan, UT, USA) at 37°C with 95% air and 5% CO 2 . The doubling time was 12 ± 0.5 h. For each experiment, a new vial of frozen cells was thawed. Before the ELFMF experiments, the cells were maintained at exponential growth in 75 cm 2 flask for 4 days in HAT medium (hypoxanthine, 10 -5 M; aminopterine, 3.2 10 -6 M ;
and thymidine, 10 -7 M: Sigma Chemical Co., St. Louis, MO, USA) and subcultured at 2 day intervals.
Magnetic field and X-ray exposures
Details of the exposure apparatus for 5 mT ELFMF are described elsewhere 9) . Environmental 60 Hz ELFMF during the sham exposures was < 0.5 mT. Static magnetic fields other than geomagnetism were undetectable (< 0.1 mT) for all experiments and residual geomagnetism was <1 mT 10) . The atmosphere in the incubator for both units was saturated with humidified 95% air plus 5% CO 2 . We used annular culture plates 7, 8) and the induced current intensity by ELFMF was different in each enclosure ring. In this experiment, we used the outer ringed-well of the annular culture plate, in which the mean induced current intensity was 115 mA/m 2 at 5 mT. The conditions of X-irradiation have been described previously 11) .
Assay for mutant frequency Details of the assay system for 6-TG r mutant frequency are described in previous reports 7, 8) . In brief, the cells in the outer ringed-well of the annular culture plates were exposed or shamexposed to 5 mT ELFMF for up to 6 weeks with or without X-irradiation (3 Gy). The cells were subcultured at 2 or 3 days interval. Mutation assays were done every week by plating 2 10 5 cells on 10 cm plates containing medium with 15 mM of 6-TG. Twenty plates were used for each mutation assay. About 100 viable cells per plate were cultured to determine the cloning efficiency. After 7 to 10 days, the number of colonies was scored. Data were compared by analysis of variance followed by the Student's t-test. Table 1 shows the mutagenisity data for a population of CHO-K1 cells exposed or shamexposed to 5 mT ELFMF for up to 6 weeks. Each experiments was repeated four times. The mutations increased with increasing incubation periods for both ELFMF-and sham-exposures throughout the exposure periods. The mutant frequency ratio of E/S (ELFMF exposure/sham exposure) is shown in Fig. 1 . The mutant frequency did not change significantly between shamand ELFMF-exposures. Table 2 shows the mutagenisity data for a population of CHO-K1 cells treated with X-ray (3 Gy) followed by sham-or ELFMF-exposures for up to 6 weeks. The experiments were repeated three times. Figure 2 shows the normalized mutant frequency of CHO-K1 cells. The normalized mean number of mutants per 10 6 surviving cells for X-ray followed by ELFMF exposure was higher than that for X-ray followed by sham-exposure throughout the exposure period. Longterm exposure to 5 mT ELFMF enhanced mutation induction by X-irradiation significantly. The mutant frequency ratios of the HPRT gene in CHO-K1 cells exposed to ELFMF (5 mT at 60 Hz) or sham exposed for up to 6 weeks. E/S at the vertical axis indicates the ratio of mutant frequencies estimated by ELFMF exposure/sham exposure. The mutant frequency ratio was estimated from the data of Table 1 . The experiments were repeated four times. Error bars represent standard error. 
RESULTS
DISCUSSION
The exposure of cultured cells to very high-density (400 mT) ELFMF has been shown to induce mutations in the HPRT gene 7, 8, 12) . However, whether long-term exposure to low-density ELFMF induce mutations in cultured cells is unclear. The present observations indicate that long-term exposure to 5 mT ELFMF for up to 6 weeks does not affect the mutant frequency of CHO-K1 cells (Fig. 1) . The mutation rate increased with increasing exposure periods for both sham and ELFMF exposed cultures (Table 1 ). This suggests that spontaneous mutations in the HPRT gene might increase during long-term culture periods even without 5 mT ELFMF exposure.
The mutation rate increased linearly in relation to the intensity of the induced current for high-density ELFMF (400 mT) from 1400 to 7660 mA/m 2 7) . The increased mutation rate was preferentially observed during the DNA-synthesis phase in synchronously growing cells, suggesting that DNA replication errors and/or disturbance of the mismatch repair systems caused by exposure to high-density ELFMF may be involved in the mutagenic effect 8) . In the present study, the mean induced current in the medium of the outer-ringed well of the annular culture plate was 115 mA/m 2 at 5 mT. Although the mechanism involved in high-density ELFMF-induced mutation is not known, there may be a threshold for mutation induction, greater than 115 mA/m 2 or a magnetic density of 5 mT. X-irradiation with 3 Gy increased the mutation rate (Table 2 and Fig. 2 ). The X-ray-induced mutation rate was enhanced by subsequent exposure to 400 mT ELFMF 7) . The present results also indicate that long-term exposure to 5 mT ELFMF after X-irradiation enhances the X-rayinduced mutation rate (Fig. 2) . In addition, even 1-week exposure to ELFMF after X-irradiation enhanced the mutation rate. These results suggest that exposure to more than 5 mT ELFMF may promote the X-ray-induced mutation rate. Similar results, in which exposure to a magnetic field (1 mT at 60 Hz) increased radiation (2 Gy)-induced HPRT mutations in CHO cells, have been observed in another laboratory (a personal communication from Dr. Jan Walleczek, Stanford University, Stanford CA, USA).
The relationship between increased mutation number and tumor agressiveness may be the result of gene errors going unrepaired at inactive sites in the genome. Mutation induction in cancer-related genes can enhance the development of cancer [13] [14] [15] [16] , particularly when oncogenes or tumor suppressor genes are involved 17, 18) . We showed that long-term exposures of CHO-K1 cells to 5 mT ELFMF did not increase mutations in the HPRT locus (Fig. 1) . However, long-term post-exposure to 5 mT ELFMF after X-irradiation increased X-ray-induced mutations (Table 2 and Fig. 2 ). The density of environmental ELFMF from high voltage power-lines should be at least several hundred times less than the density used in this study. Unless there are unknown mechanisms that trigger mutagenesis from low-density ELFMF, cancer induction due to environmental ELFMF is unlikely. However, the effects of combined exposure to X-rays and ELFMF should be further investigated.
